ABSTRACT
INTRODUCTION
Fluids are key elements in a wide variety of geologic processes, but determining the in situ temperatures, pressures, and sources of such fluids is generally not possible. The history of fluid sources and conditions over geologic time is even more difficult to decipher, despite a wide variety of indications that changes in fluids should be important in phenomena as diverse as earthquake generation, the formation of mineral deposits, and petroleum maturation. Many studies have relied on stable isotopes and fluid inclusions, especially in veins, to infer the fluid sources and conditions in low-grade metamorphic rocks (e.g., Kirschner et al., 1995a Kirschner et al., , 1995b Vrolijk, 1987; Lewis et al., 2000; Brantley et al., 1997; Badertscher et al., 2002; Richards et al., 2002) . However, veins form at a discrete time during orogenesis rather than over the course of an extended deformation, yielding a snapshot of fluid conditions at one point in time. Fibrous strain fringes around rigid objects, such as pyrite framboids, are believed to have formed slowly over the course of prolonged tectonism (e.g., Durney and Ramsay, 1973; Ramsay and Huber, 1983) , and their growth is reasonably well understood. Analysis of stable isotope and fluid-inclusion variations in fibrous strain fringes may thus be used to derive a history of fluid conditions over time. In this study we present methods for determining temperature, fluid-pressure, and fluid-composition histories in low-grade metamorphic terranes, and apply these to the Taconic slate belt of Vermont. We show that variations in fluid temperature and pressure relate to changes in the deformation path, indicating that thermal and fluid history was linked to structural history. A model is proposed that accounts for these phenomena in the context of the critical-taper model of thrust belts. We show that during the Taconic orogeny, fluid pressure cycled from values as low as hydrostatic to ϳ70% of lithostatic. Because we cannot uniquely determine the geothermal gradient, fluid pressures are minimum values.
The Taconic slate belt of eastern New York, western Vermont, Massachusetts, and Connecticut consists of a series of klippen (Fig. 1) containing Cambrian-Ordovician rocks deposited on the passive paleo-eastern margin of Laurentia (Rowley and Kidd, 1981; Stanley and Ratcliffe, 1985) . These rocks were thrust westward during the Middle Ordovician Taconic arc-continent collision (Rowley and Kidd, 1981; Stanley and Ratcliffe, 1985) . During collision, rocks in the Taconic thrust sheets were incorporated into the Taconic accretionary prism, imbricated, isoclinally folded, and cleaved. In the Giddings Brook slice, the structurally lowest of the Taconic thrust sheets, a single episode of isoclinal folding has been observed with a strong axial-planar slaty cleavage (Rowley et al., 1979; Goldstein et al., 1995 Goldstein et al., , 1998 . Modern accretionary prisms display numerous submarine springs, mud volcanoes, and other signs of vigorous fluid flow. The salinities of the fluid expelled from accretionary prisms are low, suggesting that sediments incorporated into accretionary prisms lose most of their pore water soon after incorporation, but that dehydration reactions at depth provide quantities of water that pass through the prism and are expelled at the surface (e.g., Moore and Vrolijk, 1992; Kastner et al., 1991) . In the near surface of accretionary prisms, fluid flow is highly channelized, but at depth flow may be intergranular, driven by very high fluid pressures (Moore and Vrolijk, 1992) . The presence of intergranular flow has been difficult to show because direct measurements of fluid pressures at such depths are generally not possible. The deep level of erosion in the Taconic orogen provides the possibility of determining the fluid pressures during the Taconic orogeny.
METHODS AND RESULTS
Stable isotope and fluid-inclusion study of vein fillings have been used to determine the sources and temperatures of fluids that precipitated these minerals (e.g., Rye and Bradbury, 1988; Kirschner et al., 1995a Kirschner et al., , 1995b Vrolijk, 1987; Valley, 2001) . However, it is difficult to know when in the deformation history veins formed, and they may record only a small part of the fluid history. Fibrous strain fringes around rigid objects are thought to have formed slowly during a deformation and record much of the strain history (Ramsay and Huber, 1983) . Large pyrite framboids, 1.5-2 cm in diameter and bearing large, fibrous strain fringes, have been found in the Taconic slate belt. The strain fringes contain intergrown quartz and calcite fibers and record ϳ100% elongation (Fig. 2) . Incremental growth of strain fringes was syntectonic; the oldest part is farthest from the framboid (Ramsay and Huber, 1983) . The strain fringes used in this study occur near the eastern boundary of the Giddings Brook slice, close to the overlying Bird Mountain fault ( Fig. 1) , and record three episodes of principally coaxial strain (straight fibers, Fig. 2 ). Viewed in a geographic reference frame, the first episode of fiber growth, phase I, was approximately horizontal; the second, phase II, was approximately vertical; and the third, phase III, was approximately horizontal. Fibers have the same orientation on each limb of two mesoscopic folds, indicating that folding occurred first and that strain recorded by strain fringes followed folding (Cushing and Goldstein, 1990) . The time for growth of the strain fringes can be estimated if the strain rate is known. Few studies have estimated strain rates, but those that have find that such rates vary between 10 Ϫ13 /s and 10 Ϫ15 /s (Pfiffner and Ramsay, 1982; Mueller et al., 2000) . If this range is used, the ϳ100% elongation recorded by the strain fringes would take between 0.317 and 31.7 m.y. The high strain rates, however, are probably geologically unreasonable because the Taconic orogeny probably lasted longer than a few hundred thousand years. We think that rates between 10 Ϫ14 /s and 10
Ϫ15
/s are more realistic, yielding a duration of strain accumulation in our samples between millions and tens of millions of years. A simple way of considering the strains reported here is that they constitute three strain episodes lasting between ϳ1 and 10 m.y. each.
Several strain fringes from one outcrop were dissected for stable isotope studies. Thick sections were prepared by gluing a rock chip to a slide with cyanoacrylate. These were sliced into strips ϳ1 mm wide by using an ϳ0.1-mm-wide saw blade. Acetone was used to dissolve the cyanoacrylate and strips of strain fringe 1 mm wide and 1 mm thick were removed from the slide. Samples of 5-20 mg were broken from each strip representing fibers grown during particular intervals of strain. These were crushed, and oxygen and carbon isotopes in calcite were extracted by reacting with 100% phosphoric acid at 25 ЊC. NBS-19 was used as a standard and we estimate accuracy to be better than Ϯ0.1‰. Because strain fringes contain exclusively quartz and calcite, residual materials in the reaction vessels comprising quartz were reserved, cleaned several times with distilled water, and used for oxygen isotope determination. Quartz oxygen isotopes were measured at the University of Wisconsin stable isotope laboratory with laser fluorination and the rapid heating, defocused-beam method of Spicuzza et al. (1998) . The UWG-2 garnet standard (Valley et al., 1995) was used; we estimate that accuracy of measurements is better than Ϯ0.1‰. All data are tabulated and have been placed in the GSA Data Repository 1 .
Because strain fringes are symmetrical on either side of a pyrite framboid, only one side was used for isotope analysis. The other half was saved and used for fluid-inclusion analysis. Samples were remounted and polished prior to examination with a Fluid Inc. heating and cooling stage. Homogenization temperatures and ice-melt temperatures were determined by using standard methods as described in Roedder (1984) . Only well-developed primary inclusions in quartz fibers were analyzed.
Oxygen isotope values in quartz show subtle but consistent variations in different parts of strain fringes (Fig. 3) . The ␦ 18 O values vary from 19‰ to 20‰ in three different strain fringes. Oxygen isotope ratios in oldest quartz are ϳ19.6‰. This value rises to ϳ20‰ in phase II fibers, falls to 19.2‰ to 19.5‰ in phase III fibers, and rises slightly in the youngest part of the strain fringe (Fig. 3) . Oxygen isotopes in calcite show less variability than in quartz. One of the fringes analyzed was so poor in calcite that insufficient gas was generated to analyze. In the other two, calcite ␦ 18 O varies by only 0.5‰, with the exception of one sample. The ␦ 13 C in calcite shows a steady decrease from older to younger parts of strain fringes, from Ϫ2‰ to Ϫ5.5‰. The strain fringes we studied are hosted in very fine-grained black slate and neither calcite nor quartz could be isolated from the matrix, so we do not know how the isotopic signatures of the strain fringes relate to their host.
Fluid inclusions show little variability in different parts of strain fringes. Homogenization temperatures vary from 143.4 ЊC to 166.3 ЊC. Ice-melt temperatures vary between Ϫ1.4 ЊC to Ϫ2.4 ЊC. These temperatures are indicative of fluids with very low salinities, essentially freshwater. One other strain fringe was selected for fluid-inclusion study, although isotopic data were not available for this sample. The results from this sample agree with the other two strain fringes; homogenization temperatures vary between 134.9 ЊC and 149.3 ЊC and ice-melt temperatures range from Ϫ3.5 ЊC to Ϫ1.7 ЊC.
INTERPRETATIONS
The low-salinity fluid inclusions suggest that fluids were derived from mineral dehydration reactions. The slates studied contain abundant illite but no smectite, suggesting that the smectite to illite transition was the principal source of fluids. Because the quartz and calcite grew synchronously, we may use the partitioning of oxygen isotopes between these two phases to determine a temperature history.
The calibration of Sharp and Kirschner (1994) was used to derive temperatures for the two samples that contained quartz and calcite. The calibration of Clayton et al. (1989) returned temperatures below the homogenization temperatures of fluid inclusions. An accuracy of Ϯ0.1‰ in stable isotope ratio determinations propagates to a temperature error of ϳϮ10 ЊC. The results (Fig. 3) show that temperatures varied during deformation. The oldest phase of deformation, phase I, began at temperatures slightly below 240 ЊC. Temperatures decreased to between 185 and 220 ЊC and then rose again to temperatures between 240 and 280 ЊC (Fig. 3) .
Fluid pressures may be derived from a combination of fluid-inclusion data and oxygen isotope geothermometry. Homogenization temperatures record minimum trapping temperature but, with the salinity, define an isochore for any inclusion: a constant-volume temperature-pressure relationship for the fluid in that inclusion. Knowing the actual temperature leads to a determination of the pressure. Because pressure-temperature relationships are determined by fluid conditions, the pressures must be fluid pressures. Having both stable isotope and fluid-inclusion data from the same strain fringes allows us to determine fluid-pressure history during strain-fringe growth (Fig. 2) . Errors of Ϯ10 ЊC yield errors in pressure determinations of ϳ0.25 kbar (25 MPa). Early fluid pressures, phase I, were between 1.5 and 1.76 kbar (150 and 176 MPa). During phase II fiber growth, pressures declined to between 1.0 and 0.65 kbar (100 and 65 MPa), before rising to nearly 2.0 kbar (200 MPa) during phase III, and eventually dropping slightly to 1.5 kbar (150 MPa). The cycling of fluid pressures on this time scale is something that can be easily envisioned but has, to our knowledge, never been demonstrated.
Our interpretation of these data includes an explanation of changes in temperature and fluid pressure and considers that variations in temperature and pressure are linked to strain history: higher temperatures and pressures occur during horizontal shortening and vertical elongation and lower temperatures and pressures occur during vertical shortening and horizontal elongation. We also consider that folding predated strain-fringe development, indicating that the complete strain history is not represented by the strain fringes. Because our sampling site is in the footwall of the Bird Mountain fault and close to the fault, we interpret our results in the context of active thrusting. Emplacement of a thrust sheet would raise the temperature of the footwall by placing rocks from greater depth on top of those closer to the surface. We suggest that phases I and III of strain-fringe growth, those with higher temperatures, occurred during periods of motion on the Bird Mountain fault. These periods would not be equivalent to single-slip events on the fault, but would have corresponded to much longer time periods, as discussed here. The decrease in temperature from phase I to phase II we interpret as related to thermal relaxation during a time of inactivity of the Bird Mountain fault. Strain was still accumulating at this time so the Taconic slate belt was tectonically active, but the orientations of strain had changed from phase I and would change again as phase III fiber growth began. This last period of growth we interpret as related to renewed activity on the Bird Mountain fault.
DISCUSSION
The data presented herein may be the most complete description yet of a temperature and fluid-pressure history during an orogenic event in any low-grade terrane. Of interest is whether the fluid pressures recorded in Taconic strain fringes represent abnormally high values or are closer to hydrostatic. There are no independent means of ascertaining the depth of burial of any part of the Taconic slate belt; however, one may examine the temperature-pressure relationships for both hydrostatic and lithostatic conditions under various geothermal gradients. We can exclude geothermal gradients lower than 25 ЊC/km because the fluid pressures we derived would be below hydrostatic levels, the lower bound to fluid pressures. With a geothermal gradient of 25 ЊC/km, fluid pressures would have varied between hydrostatic and nearly 70% of lithostatic. If thermal gradients were higher, fluid pressures would have been correspondingly closer to lithostatic.
The changes in temperature, fluid pressure, and strain can be viewed in the context of the dynamics of accretionary prisms. Davis et al. (1983) showed that the state of stress in accretionary prisms can be analyzed in terms of the dynamics of a wedge. Given rock strengths and fluid-pressure conditions, a wedge will maintain a critical taper angle, the angle between the submarine slope of the accretionary prism and the downward slope of the basal décollement. At this critical angle, motion on the décollement will proceed without internal deformation of the prism. If the taper angle changes, the wedge will deform so as to return to the critical angle. For example, if the taper angle decreases, as might occur from submarine erosion, then thrusting or internal strain in the prism would build up the submarine slope until the critical angle was regained. Our data show three strain episodes that correspond to changes in temperature and fluid pressure, and we interpret these data as reflecting two episodes of thrusting, coupled with internal strain of Taconic slates, separated by an episode of inactivity on thrusts, also accompanied by internal strain. The episodes of thrusting could have been caused by the requirement to build the taper angle to a critical value.
Our model for syntectonic changes in strain, temperature, and fluid pressure begins with thrusting on the Bird Mountain fault. Thrusting deeper rocks onto more shallow ones would raise the temperature of the footwall, stimulating collapse of smectite to illite with concomitant dehydration and increase in fluid pressure. The conversion of smectite to illite in shale is affected by both time and temperature; longer duration at lower temperatures may be equivalent to shorter times at higher temperatures. The process begins at temperatures of ϳ80 ЊC and continues to between 210 and 220 ЊC (Chamley, 1989 , and references therein). The temperature variations we have determined, 180-280 ЊC, thus are in the range for this clay-mineral reaction. Raising the fluid pressure should have weakened the rocks of the footwall, requiring a lower taper angle. The switch from near-vertical elongation in Phase I of the strain fringes to near horizontal elongation in Phase II may be a reflection of the wedge achieving a lower taper angle. The decrease in temperature and fluid pressure can be viewed as a result of discontinued thrusting on the Bird Mountain fault, allowing temperatures to return to normal and for fluid to be slowly expelled from low-permeability slates. As fluid pressure declined, the rocks would have become stronger, requiring a steeper taper angle, possibly stimulating renewed thrusting on the Bird Mountain fault. The vertical fibers in strain fringes indicate that internal strain served to thicken the thrust wedge in addition to thrust faulting. The relationship between pore pressure, bulk permeability, and accretionary wedge geometry was modeled by Saffer and Bekins (2002) ; they showed a strong relationship between these three variables in accord with our interpretations (i.e., high pore pressure leads to low critical taper angles and vice versa). What we suggest here is that these variables may cycle over periods of millions to tens of millions of years in accretionary prisms. The mechanisms described here could be occurring in active thrust belts and accretionary wedges worldwide.
